Triazole resistance in Aspergillus fumigatus is an uncommon but rising phenomenon. Susceptibility testing is rarely performed and can take 48 h or longer, which is an impediment to effective therapy. Molecular diagnostic probing of well-defined resistance mechanisms, which serve as surrogate markers, provides an alternative approach to rapidly (within hours) and efficiently identify resistant strains. The mechanisms of triazole resistance in A. fumigatus are limited to amino acid substitutions in the drug target Cyp51A and include amino acid substitutions at the positions Gly 54, Gly 138, Met 220, and Leu 98, coupled with a tandem repetition in the gene promoter. We report the development of a real-time PCR assay utilizing molecular beacons to assess triazole resistance markers in A. fumigatus. When combined in a multiplex platform, the assay provides a comprehensive evaluation of drug resistance in A. fumigatus.
Numerous advances in transplant medicine over the past decade have enabled patients to live longer with reduced mortality. However, infectious complications, such as invasive pulmonary aspergillosis (IA) continue to be a major cause of morbidity and mortality in such patients, as well as those with a variety of hematological malignancies. Aspergillus fumigatus accounts for most of these infections and is the most important airborne-pathogenic fungus (24, 25) . IA remains difficult to diagnose, at an early stage, despite advances in imaging technology and the development of antigen-based serological diagnostics (15, 22) . Hence, IA is still associated with a high mortality rate that ranges from 30 to 90% (4, 7, 20, 21, 30, 43) .
The treatment of IA typically involves primary therapy with an expanded-spectrum triazole drug, which targets the sterol 14-␣ sterol demethylase, a key enzyme in the ergosterol pathway (12, 25) . These drugs include itraconazole (ITC), voriconazole (VRC), and posaconazole (PSC), which all have good in vitro and in vivo activity against A. fumigatus (8, 14, 16, 19, 32, 35) . Unlike Candida spp., primary resistance does not appear to be a problem, since most Aspergillus spp. are highly susceptible to these drugs (10) . However, as the incidence of IA infections rise (25) , there are an increasing number of reports of secondary acquired resistance in clinical strains of A. fumigatus strains (3, 6, 8, 9, 13, 18, 23, 28, 29, 31) . It was recently reported in The Netherlands that, since 2002, a significant number of clinical A. fumigatus isolates with multiple resistance to VRC, ITC, ravuconazole (RVC), and PSC have been detected (44) .
Triazole resistance mechanisms in Aspergillus, like Candida, can involve both overexpression of drug efflux transporters (ABC-and MFS-type) and modification of the target site 14-␣ sterol demethylase, encoded by cyp51 (9, 23, 33, 39) . In A. fumigatus there are two distinct but related 14-␣ sterol demethylase (cyp51) proteins encoded by cyp51A and cyp51B (27) , although only mutations in Cyp51A are important for clinical resistance. These mutations confer several different susceptibility profiles: (i) resistance to ITC and PSC associated with amino acid substitutions at Cyp51A glycine 54 (Gly 54) (9, 23, 33) ; (ii) a pattern of resistance to ITC and high VRC, RVC, and PSC MICs (strains exhibiting this susceptibility profile harbor amino acid substitutions at methionine 220 [Met 220]) (3, 28) ; (iii) a pattern of azole cross-resistance associated with higher cyp51A expression produced by a tandem repeat (TR) of a 34-bp sequence in the cyp51A gene promoter in combination with an amino acid substitution at Cyp51A leucine 98 (TR-L98H) (29, 44) ; and (iv) a triazole cross-resistance related to an amino acid change at Cyp51A glycine 138 to cysteine (G138C) (18) .
In vitro susceptibility testing for clinical isolates of A. fumigatus is time-consuming and expensive, and most clinical labs do not routinely perform such tests. However, for some institutions with patients at high risk for mold infections, such tests are warranted given the increasing number of high MIC isolates reported for A. fumigatus (11, 14, 16, 44) . In an effort to improve the identification of triazole resistance in primary isolates of A. fumigatus, we describe a multiplex real-time PCR assay utilizing detection by allele-specific molecular beacons (MBs) to rapidly and accurately assess A. fumigatus cyp51A gene mutations conferring resistance to triazole drugs.
MATERIALS AND METHODS
A. fumigatus strains. A total of 73 independent A. fumigatus strains were used through this work. A total of 49 A. fumigatus strains (43 clinical strains) were obtained from the Mycelial Collection of the Spanish National Center for Microbiology. Eleven strains belong to the Public Health Research Institute (PHRI) collection, eight of them were A. fumigatus clinical isolates (kindly provided by D. Denning, Manchester University, Manchester, United Kingdom) (18) and three laboratory-derived mutants (33) . Moreover, 10 A. fumigatus with known cyp51A mutations (G54V, G54E, G54R, G54W, TR-L98H, G138C,  M220V, M220K, M220T, and M220I) (17, 27) or isolated with the Q-Biogene FastDNA kit (Irvine, CA) according to the manufacturer's instructions.
Antifungals and susceptibility testing. ITC (from Janssen Pharmaceutical, Madrid, Spain), VRC (from Pfizer S.A., Madrid, Spain), RVC (Bristol-Myers Squibb, Madrid, Spain), and PSC (Schering Plough, Madrid, Spain) were obtained as standard powder from their respective manufacturers. The individual MICs were determined by following the Clinical and Laboratory Standards Institute (formerly the National Committee for Clinical Laboratory Standards) reference method (34) , with modifications (5, 36, 38) .
A. fumigatus cyp51A gene DNA sequencing. The full coding sequences and promoter (Ϫ500 from the start codon) of cyp51A were amplified and sequenced in both directions, as previously described (27) . In Spain, DNA sequencing was performed by using a BigDye terminator cycle sequencing ready-reaction system (Applied Biosystems, Madrid, Spain) according to the manufacturer's instructions. Sequence analysis was performed on an ABI Prism 377 DNA sequencer (Applied Biosystems) using the facilities available at the Biopolymers Unit at Instituto de Salud Carlos III, Majadahonda, Madrid, Spain. In the PHRI Center, DNA sequencing was performed with a CEQ dye terminator cycle sequencing QuickStart kit (Beckman Coulter, Fullerton, CA) according to the manufacturer's recommendations. Sequencing analyses were done with the CEQ 8000 genetic analysis system software (Beckman Coulter) and with the BioEdit sequence alignment editor (Ibis Therapeutics, Carlsbad, CA).
MB and PCR and target primer design. The A. fumigatus gene cyp51A sequence with the GenBank accession number AF338659 was used for MB and primer design. All MBs and PCR primers used in the study are listed in Table 1 .
MBs covering the loci Gly 54, Leu 98, Gly 138, and Met 220 of the cyp51A coding sequence and the 34-bp TR in the cyp51A promoter (Ϫ288 and Ϫ322 from the start codon) were designed with Beacon Designer software (version 2.12; PREMIER Biosoft International, Palo Alto, CA). MBs were labeled with the following fluorophores (5Ј ends): 5-carboxyfluorescein (FAM), 6-carboxy-2Ј,4,4Ј,5Ј,7,7Ј-hexachlorofluorescein (HEX), CAL Flour Red 610 (CFR), and Quasar 670 (Q670). The 3Ј ends were labeled with benzoic acid succinimidyl ester (DABCYL) for FAM and HEX 5Ј-labeled MBs and with Black Hole Quencher (BHQ) when the 5Ј labeling was done with CFR or Q670. All of the MBs were purchased from Biosearch Technologies, Inc. (Novato, CA). PCR primers were designed by using the oligonucleotide design tool of the IDT SciTools (Integrated DNA Technologies, Coralville, IA) and were purchased from Integrated DNA Technologies.
MB thermal denaturation profiling. The oligonucleotides used as MB targets are listed in Table 1 . Target sequences were designed to be complementary to a specific MB. Target-MB hybridization profiling was performed with the Stratagene Mx3005P multiplex quantitative PCR system (Stratagene, La Jolla, CA) using the "MB melting curve" option in the software for data monitoring and analysis. Each hybridization reaction mixture contained 1ϫ Core PCR buffer (Stratagene), 4 mM MgCl 2 , 100 pmol of individual target oligonucleotides, and 5 pmol of MBs. The test reaction mixtures were subjected to heating at 95°C for 1 min and a subsequent cooling down in 72 10-s steps with a temperature gradient of Ϫ0.5°C/step. Fluorescence outputs were measured at the end of each step. The melting temperatures values were obtained by the Mx3005P software using the fluorescence output first derivative [ϪRnЈ(T)]. Each MB and corresponding primer set were validated in real-time assays using DNA from specific A. fumigatus reference strains at an annealing temperature of 55°C. In all cases, the PCR detection of the mutant or WT allele correlated with the sequences obtained for the reference DNAs.
Real-time PCR. Real-time PCR experiments were performed on a Stratagene Mx3005P multiplex quantitative PCR system using the "quantitative PCR (multiple standards)" setting. Eurogentec qPCR MasterMix-No ROX (Eurogentec North America, Inc., San Diego, CA) was used for all reactions. Each real-time PCR was carried out in a 50-l reaction volume containing 25 l of 2ϫ Eurogentec qPCR MasterMix, 20 pmol of each MB, 25 pmol of each corresponding primer, and 1 ng of A. fumigatus genomic DNA. In multiplex PCR experiments, the MB and primer concentrations were changed to 10 pmol for G138-MB and G54-MB, 20 pmol for L98-MB and M220-MB, 12.5 pmol for the G138-F and G138-R primers, and 25 pmol for the G54-F, G54-R, L98-F, L98-R, M220-F, 
RESULTS

Multiplex real-time detection.
A. fumigatus triazole clinical resistance has been strictly linked to cyp51A mutations (18, 26) . Moreover, each mutation confers a particular triazole resistance pattern with the different triazole drugs. Therefore, specific mutations can be used as surrogate markers for phenotypic triazole resistance. A two-tier real-time PCR assay with MB detection was used to assess the triazole-resistant phenotypes of A. fumigatus strains. In the first tier, a dropout methodology was used to assess the presence of mutations at four resistance loci, Gly 54, Leu 98, Gly 138, and Met 220, covering all known triazole resistance mutations (Fig. 1) . A multiplexed panel of MB probes was developed that recognized only WT sequences at each resistance loci. However, by taking advantage of the allele discriminating properties of MB (42) , mutations occurring at a given locus prevent the beacons from opening and responding. A signal dropout signifies a mutation at a specific locus. The probability of a random noncoding mutation occurring at a given locus is extremely low, so failure to detect the WT signal strongly signifies a drug resistance mutation and an expected resistance phenotype (Fig. 2) . In the first-tier real-time PCR assay, if all four probes fluoresce, then WT sequences were detected, and the strain was consider to be triazole susceptible.
For some loci, such as Met 220, all known mutations confer ITC resistance and elevated MICs for all other triazole drugs (28) . Thus, a dropout signal for this locus strongly indicates resistance. The situation is a bit more complex at the Gly 54 locus. Mutations producing either G54V, G54E, G54R, or G54W amino acid substitutions confer resistance to ITC. However, a G54W substitution also confers cross-resistance to PSC (9, 23, 46) . To address this more refined level of resistance phenotype, a second-tier MB panel was developed that recognizes the specific G54W mutation (Fig. 2B) . In this way, it is possible to distinguish between mutations in the primary panel that confer only ITC resistance from those that also confer resistance to PSC. Similarly, a variety of possible amino acid substitutions at Gly 138 could confer triazole drug resistance. However, only a G138C substitution is known to confer crossresistance to triazole drugs (18) . A secondary panel was also used to positively identify this resistance mutation. Finally, a secondary panel was required to assess a L98H modification, since this mutation alone was insufficient to yield a change in susceptibility. However, when coupled with a 34-bp TR in the promoter of cyp51A, the dual mutant displays cross-resistance to multiple triazole drugs (except PSC) (29, 44) (Fig. 2B) . The TR alone is also insufficient to confer a resistance phenotype. In all of the secondary probe panels, positive controls recognizing Gly 54 or Gly 138, as appropriate, were incorporated into the multiplexed assay.
Validation of the drug resistance panels. The utility of the two steps multiplex real-time PCR assay was assessed using a blinded collection of 60 A. fumigatus isolates comprising triazole-susceptible (n ϭ 31) and triazole-resistant clinical and laboratory mutants (n ϭ 29) strains ( Table 2 ). The multiplex assay using the primary panel revealed only the presence of WT or mutant cyp51A alleles, while the secondary duplex panels uncovered the therapeutic significance of the particular mutations. Of 60 total strains tested, 35 isolates (58.3%) revealed mutant cyp51A alleles, which corresponded 100% to genotypes conferring the triazole resistance phenotype determined by DNA sequencing ( Table 2) . The mutant genotypes indicated that these strains were likely to be triazole resistant.
However, triazole resistance was confirmed in only 29 of the 35 A. fumigatus cyp51A mutants ( Table 2 ). The remaining six isolates showed either a T364A mutation conferring the L98H amino acid change (n ϭ 3) or a TR in the promoter (n ϭ 3) ( Table 2 ), but these mutations alone were insufficient to confer drug resistance. Thus, the 29 strains identified by molecular testing were found to have a resistant phenotype, which correlated 100% with drug susceptibility testing. When the second tier panel results were compared directly to DNA sequencing data, three azole-susceptible mutants harboring cyp51A promoter alterations failed to be detected by the primary MB multiplex assays. The reason for this false-negative result reflected the design of the primary panel, which was intended to detect resistance mutations within the coding region of cyp51A. In fact, all three strains harboring promoter mutations were fully susceptible to azoles because these mutations alone are insufficient to confer resistance. 
DISCUSSION
Early and rapid detection of Aspergillus infections with an accurate assessment of potential drug resistance is essential for effective clinical management of patients with invasive disease (7) . In clinical samples, triazole resistance rates vary between 2 and 6.6% (13, 26, 45) . At present, in vitro azole susceptibility testing according to the Clinical and Laboratory Standards Institute protocol takes at least 48 h (34, 37) , and most testing is performed in reference laboratories, which can cause additional delays in reporting. This lag often results in the adoption of empirical treatment, which may be ineffective if the infecting strain is drug resistant. To circumvent this delay, we have developed a comprehensive multiplexed PCR assay to assess rapidly triazole resistance. The assay takes advantage of allele discriminating MB probes, which have previously been used to detect ITC and caspofungin resistance (1, 2, 41 ). To be effective for clinical applications, the new assay was designed in a two-tier format to capture a broad range of mutations known to confer triazole resistance in clinical isolates of A. fumigatus ( Fig. 1) (3, 18, 28, 29) . The first tier consists of a probe panel that effectively distinguishes triazole-susceptible from triazoleresistant A. fumigatus (Fig. 2A) . The second tier panel provides possible therapeutic options depending on the mutation detected (Fig. 2B) . In this sense, the design is methodologically similar to the design first described by our group (1) to determine the exact mutation in the codon Gly 54 of the cyp51A gene of A. fumigatus. However, the present approach is far more comprehensive, since a wider array of mutations encoding triazole-resistance are assessed, and the assay differentiates between possible different triazole drug resistance patterns. The utility of the assay was confirmed in a blinded study of 60 strains comparing the two-tier panel results with sequencing and MICs. The assay displayed a high-level of detection of triazole resistance associated with cyp51A alterations (Table  2) . These promising results suggest that this platform is suitable for use in clinical laboratories. In principle, the platform can be automated and the sensitivity of the PCR system should enable directly detect from respiratory fluids (e.g., sputum and bronchoalveolar lavage), which could reduce the resistance detection time less than 3 to 4 h, including the DNA isolation. As a potential methodological limitation, it could be argued that this platform does not detect triazole resistance unassociated with cyp51A gene alterations (e.g., drug pumps), and it does not detect new triazole resistance mutations that might be present in the A. fumigatus cyp51A gene. However, such mechanisms have rarely been described in clinical isolates, although they have been reported in laboratory mutants (33, 40) . Nevertheless, the dynamic platform can accommodate new resistance mutations as they arise. In conclusion, a rapid and simple multiplexed PCR assay is described for assessing genetic alterations in the cyp51A gene associated with triazole resistance in A. fumigatus. The assay provides a comprehensive identification of triazole resistance in clinical isolates of A. fumigatus, and it distinguishes between resistance to various expandedspectrum triazole drugs.
